It has long been known that seminal plasma contains factors that influence the fertilizing capacity of spermatozoa in many different ways. However, little is understood of the biochemical cascades triggered when spermatozoa and seminal plasma interact. In this study, we examined how incubation with seminal plasma affected protein tyrosine phosphorylation in human spermatozoa. Increased protein tyrosine phosphorylation is a hallmark of sperm capacitation in several mammalian species, including human. Seminal plasma blocks protein tyrosine phosphorylation when added to washed, non-capacitated spermatozoa. Removal of seminal plasma and incubation in capacitating medium led to partial recovery of the tyrosine phosphorylation cascade. Addition of seminal plasma to a suspension of spermatozoa previously incubated for 5 h under capacitating conditions decreased the level of tyrosine phosphorylation on all proteins in a dose-dependent manner. In this case, the phosphotyrosine signal did not increase upon removal of seminal plasma followed by overnight incubation in fresh capacitating media, indicating that removal of seminal plasma was necessary but not sufficient for protein tyrosine phosphorylation to occur. These results indicate that human seminal plasma contains factors that influence the tyrosine phosphorylation status of human spermatozoa.
Introduction
Freshly ejaculated spermatozoa are not capable of fertilizing eggs (Austin, 1951; Chang, 1951) . In most species, spermatozoa acquire this ability several hours after mating or after incubation in vitro in an appropriate medium. Many modifications take place during this period, collectively termed capacitation (Yanagimachi, 1994) . Capacitation brings about numerous changes in the spermatozoon including removal or modification of surface proteins (Fraser, 1984; Benoff et al., 1993) , changes in the oxidative metabolism (Boell, 1985; Mitra and Chowdhury, 1992) , achievement of an hyperactivated pattern of motility (Suarez et al., 1983; Morales et al., 1988) , efflux of cholesterol from the membranes (Boell, 1985; Langlais et al., 1988) and an increase in the phosphotyrosine content of several proteins (Leyton and Saling, 1989; Burks et al., 1995; Luconi et al., 1995; Visconti et al., 1995; Leclerc et al., 1996; Pukazhenthi et al., 1996; Emiliozzi and Fenichel, 1997; Galantino-Homer et al., 1997) .
Seminal plasma represents the fluid portion of semen in which spermatozoa are suspended at the time of ejaculation. It provides a medium for sperm motility and several of its components are known to assist the spermatozoa in fertilizing the egg. However, seminal fluid is also known to contain substances that inhibit the fertilizing ability of spermatozoa (Chang, 1957; Shivaji et al., 1990) . Incubating spermatozoa in the presence of seminal plasma prevents them from becoming capacitated as measured by fertilization in vitro (Davis and Niwa, 1974) and in vivo (Davis, 1974) or by induction of the acrosome reaction with progesterone or follicular fluid (Cross, 1993) . Adding seminal plasma to a suspension of previously capacitated spermatozoa appears to reverse capacitation (to 'decapacitate' the spermatozoa) because it reduces the ability of spermatozoa to fertilize eggs in vivo (Chang, 1957) , to penetrate the zona pellucida in vitro (Kanwar et al., 1979) , or to acrosome react in the presence of inducers (Bedford, 1970; Oliphant, 1976; Florman and First, 1988) . The effect of seminal plasma on fertility is reversible, since the fertilizing capacity can be restored by removal of seminal plasma and further incubation under capacitating conditions both in vivo (Chang, 1957; Weinman and Williams, 1964; Davis, 1974; Reyes et al., 1975) and in vitro (Cross, 1993) . Many decapacitating factors from seminal plasma have been partially or totally characterized. They include motility inhibitors (Robert and Gagnon, 1994; Iwamoto et al., 1995) , acrosome stabilizers (Eng and Oliphant, 1978; Cross, 1996) , and inhibitors of enzymes such as ATPase (Chao et al., 1996) and phospholipase A 2 (Manjunath et al., 1994) . However, little is known about seminal plasma factors that may influence the tyrosine phosphorylation of sperm proteins.
As mentioned, increased protein tyrosine phosphorylation accompanies human sperm capacitation (Burks et al., 1995; Leclerc et al., 1996; Emiliozzi and Fenichel, 1997) . If tyrosine phosphorylation were an important aspect of capacitation, it would be expected that sperm incubation in conditions which prevent or reverse capacitation would affect the extent of protein tyrosine phosphorylation. We examined this possibility by assessing the influence of human seminal plasma on the level of protein tyrosine phosphorylation in human spermatozoa.
Materials and methods

Reagents
Monoclonal anti-phosphotyrosine antibody PY20 was obtained from ICN (Aurora, OH, USA). Monoclonal anti-β-tubulin antibody was obtained from Amersham International (Buckinghamshire, UK). Horseradish peroxidase-conjugated goat anti-mouse immunoglobulin (Ig)G (H ϩ L, κ ϩ λ) was from KPL (Gaithersburg, MD, USA). N, N, NЈ, NЈ-tetra-methylethylenediamine (TEMED) was from Bio-Rad (Hercules, CA, USA). A solution of acrylamide-bisacrylamide 37.5:1 was purchased from Amresco (Solon, OH, USA). Pre-stained molecular weight standards (lysozyme, 15,350; β-lactoglobulin, 18,850; carbonic anhydrase, 28,350; ovalbumin, 43,600; bovine serum albumin, 69,100; phosphorylase B, 106,300; and myosin [H-chain] , 199,100) were from BRL Life Technologies Inc (Gaithersburg, MD, USA). Methanol was purchased from Mallinkrodt Baker Inc (Paris, KY, USA). All other chemicals were reagent or analytical grade and were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Spermatozoa and seminal plasma preparation procedures
After at least 2 days of abstinence, semen samples were provided by masturbation from healthy volunteer donors who were free from sexually transmitted diseases. Spermatozoa from a single ejaculate were used for each experiment. Following 30-60 min at room temperature for liquefaction, spermatozoa were isolated on a discontinuous two-step Percoll ® (Pharmacia, Uppsala, Sweden) gradient composed of 2 ml 90% Percoll overlaid with 2 ml 47% Percoll in Ham's F10 (Gibco BRL Life Technologies Inc) medium (Ng et al., 1992) . Semen (1-2 ml) was layered on top of the gradient which was then centrifuged (500 g) for 30 min. Sperm pellets were recovered, diluted three times with phosphate-buffered saline (PBS; 137 mM NaCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.4) and centrifuged (200 g) for 10 min. This procedure yielded pure sperm preparations with motility ജ90%.
Seminal plasma was recovered from the top of the Percoll gradient, filtered through cotton gauze and cleared by centrifugation (12 000 g) for 10 min. For each experiment, spermatozoa and seminal plasma were derived from the same semen sample.
Experimental design
Washed spermatozoa were incubated in human tubal fluid medium (Irvine Scientific, Santa Ana, CA, USA) supplemented with 7.5% human serum (HTF) at a concentration of 5-10ϫ10 6 /ml at 37°C in a humidified atmosphere of 5% CO 2 in air for 5 h. When indicated, spermatozoa were centrifuged (200 g) for 10 min, resuspended in HTF or in seminal plasma diluted with HTF, and incubated for 3 h in the same conditions. After this incubation, spermatozoa were washed twice by centrifugation (200 g) for 10 min with PBS and, when indicated, resuspended in HTF and incubated overnight at 37°C in an atmosphere of 5% CO 2 in air. Overnight incubations were followed by the same washing procedure as described above. For some experiments, an aliquot of the original Percoll-separated, PBSwashed spermatozoa was suspended in human seminal plasma diluted with HTF and incubated at a concentration of 5-10ϫ10 6 /ml at 37°C in an atmosphere of 5% CO 2 in air for 3 h. Spermatozoa were washed and analysed directly or re-incubated overnight in HTF as described.
Assessment for percentages of motility and viability
The percentages of motility and viability were assessed for each sample at all time points and culture conditions before washing with PBS. Total motility was evaluated by placing 2 µl of sperm suspension diluted with 8 µl of HTF on a glass slide, covering the suspension with a 22ϫ22 mm 2 coverslip (thickness #1), and examining it with phase contrast optics at a magnification of ϫ400. Multiple fields were viewed and Ͼ100 spermatozoa were scored as either immotile or showing flagellar movement.
Viability was measured with 1 µg/ml propidium iodide (Molecular Probes Inc, Eugene, OR, USA). The percentage of live spermatozoa was estimated by counting Ͼ100 spermatozoa with epifluorescence optics at a magnification of ϫ400.
Videomicroscopy
Sperm suspension (7 µl) was placed on microscope slides kept at 37°C. Glass beads (20 µm in diameter) suspended in silicone grease acted as posts to support coverslips at a uniform depth. Samples were videotaped using an Olympus BH-2S microscope (Olympus, Tokyo, Japan) under negative phase optics (ϫ10 objective lens), a Cohu 4800 video camera (Cohu Inc, San Diego, CA, USA), and a Panasonic S VHS AG-1970 video recorder (Pro-Line, Japan) using the following settings: frame rate ϭ 30 frames/s; duration of data capture ϭ 15 frames; minimum path length ϭ 15 frames; maximum motile speed ϭ 300 µm/s; distance scale factor ϭ 0.4 µm/pixel; ALH path smoothing factor ϭ five frames; cell size minimum ϭ 2 pixels; cell size maximum ϭ 13 pixels. A total of 20-30 fields were videotaped (30 frames/s) for 5-10 s each. During taping, samples were maintained at 37°C via a stagewarmer (Motion Analysis Corporation, Santa Rosa, CA, USA). The mean exposure time within any sample was~3 min.
Videotapes were analysed for sperm kinematic parameters on a CellTrack™ PC-based Motility Analyzer instrument (VP320; Motion Analysis, Santa Rosa, CA, USA). Parameters of motion, average path velocity (VAP), straight line velocity (VSL), curvilinear velocity (VCL), mean amplitude of lateral head displacement (ALH), average linearity of progression (LIN ϭ 100ϫVCL/VSL) and wobble (WOB ϭ 100ϫVAP/VCL) were calculated for individual cells. Spermatozoa with VCL Ͻ12 µm/s and VSL Ͻ6 µm/s were scored as immotile and excluded from the motion analysis. An aliquot of each sample was analysed on Western blots with anti-phosphotyrosine antibodies (see below).
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting
After removing HTF or seminal plasma by washing with PBS, sperm pellets were added to 5ϫ sample buffer (1ϫ final concentrations: 2% SDS, 10% glycerol, 62.5 mM Tris-HCl, pH 6.8) without disulphide reducing agents at a ratio of 4:1. Cells were lysed by sonicating twice for 15 s with an ultrasonic cell disrupter (Kontes, Vineland, NJ, USA). Proteins were extracted by heating twice to 95°C for 6 min each. Extracts were centrifuged (12 000 g) for 10 min, adjusted to 5% β-mercaptoethanol, boiled for 3 min and used immediately or stored at -70°C. Proteins were separated on 10% polyacrylamide slab gels according to Laemmli (1970) and transferred to 0.45 µm Immobilon (Millipore Corp., Bedford, MA, USA) membranes (Towbin et al., 1979) . Equal protein loads were systematically confirmed in all lanes within a gel by Ponceau Red staining of the transferred membrane. Non-specific reactivity was blocked by incubation for 1 h at room temperature with 5% gelatin dissolved in washing buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 0.1% Tween 20, 0.2% gelatin). Blots were incubated with the primary antibody (PY20, 0.5 µg/ml; anti-β-tubulin 0.06 µg/ml) in blocking solution (5% gelatin in washing buffer) for 60-120 min at room temperature. Horseradish peroxidase-conjugated goat anti-mouse IgG was used as secondary antibody (0.5 µg/ml) with 45 min incubation. Excess first and second antibodies were removed by washing five times for 10 min each in washing buffer. Detection was accomplished with an enhanced chemiluminescence system (ECL, Amersham International) and subsequent exposure to Kodak XAR film.
Statistical analysis
Paired comparisons were conducted using a paired t-test with the Excel 5.0 programme (Microsoft Corporation, Seattle, WA, USA) on an Apple Power Macintosh 7500 computer. All data are given as means Ϯ SD.
Results
Seminal plasma prevented protein tyrosine phosphorylation in freshly recovered human spermatozoa
Freshly recovered human spermatozoa displayed a low-tonegligible level of protein tyrosine phosphorylation ( Figure  1A , lane 1). Incubation for 3 h in a medium that supports capacitation elicited the phosphorylation of several proteins on tyrosine residues ( Figure 1A , lane 2). Exposure of freshly recovered spermatozoa to 50% seminal plasma in HTF prevented development of the phosphotyrosine signal ( Figure 1A , lane 3). This appeared to be a general effect on the entire profile of tyrosine-phosphorylated proteins rather than specific for a subset of proteins since phosphotyrosine could not be detected on any of the proteins when spermatozoa were treated in this way.
In parallel with the analysis of tyrosine phosphorylation during seminal plasma exposure, we assessed sperm viability and total motility. Incubation with seminal plasma did not affect the percentage of live or motile spermatozoa (Table I) . For example, non-capacitated spermatozoa maintained in HTF containing 50% seminal plasma displayed 90% motility, compared to 95% motility for spermatozoa maintained in HTF alone (Table I) . Seminal plasma exposure did not lead subsequently to a detrimental effect as shown by the percentage motility and viability data obtained after washing and re-incubation of the cells for 16 h in HTF (Table I) .
We conclude that maintenance of freshly recovered spermatozoa in seminal plasma is associated with the absence of phosphorylation of sperm proteins on tyrosine residues. This effect does not appear to be due to toxicity of seminal plasma.
Seminal plasma attenuated protein tyrosine phosphorylation in capacitating human spermatozoa
Sperm incubated for 5 h under conditions that support capacitation exhibited an array of proteins containing phosphotyrosine residues ( Figure 1B, lane 1) , similar to that shown for 3 h incubation ( Figure 1A, lane 2) . For the majority of human sperm samples, this phosphotyrosine signal increased as incubation proceeded for 3 additional h ( Figure 1B, lane 2) . However, if seminal plasma (50%) were introduced to the sperm sample after 5 h of capacitating incubation, the level of protein tyrosine phosphorylation was significantly reduced after an additional 3 h incubation ( Figure 1B, lane 3) . Again, this appeared to be a general effect on the whole profile of phosphotyrosinecontaining proteins rather than specific for a particular subset of proteins.
Exposure to seminal plasma did not affect the viability or the percentage of motile spermatozoa (Table II) . Thus, when spermatozoa incubated during 5 h in conditions that support capacitation were exposed to HTF containing 50% seminal plasma for 3 h, 85% of the population were motile, compared with 91% in parallel samples not exposed to seminal plasma (Table II) . As before, washing followed by overnight incubation of these samples in HTF did not appreciably alter the percentage of live and motile cells (Table II) . Taken together, these data indicate that seminal plasma reverses the phosphorylation of proteins on tyrosine residues elicited by 5 h incubation in capacitating conditions and that the effect is not due to deleterious action of seminal plasma on the cells.
Dose-dependent effect of seminal plasma on tyrosine phosphorylation
When human spermatozoa were incubated in HTF for 5 h and then exposed to increasing concentrations of seminal plasma for 3 h, all the proteins detected initially with the antiphosphotyrosine antibody lost reactivity to some degree ( Figure  2) . A final concentration of 25% seminal plasma was sufficient to diminish the signal significantly ( Figure 2 , lane 2) whereas 75% seminal plasma essentially eliminated the signal completely (Figure 2, lane 4) . We found that, while all normal sperm samples examined demonstrated this relationship between seminal plasma exposure and reduced protein tyrosine phosphorylation, the slope of the dose-response curve was donor-specific, suggesting variation among individuals in the amount of the factor(s) in seminal plasma that may be responsible for this effect.
Removal of seminal plasma and protein tyrosine phosphorylation
Spermatozoa incubated for 3 h in capacitating conditions exhibited an array of proteins containing phosphotyrosine residues ( Figure 3A, lane 1) . The magnitude of this protein tyrosine phosphorylation increased as incubation proceeded for an additional 16 h ( Figure 3A, lane 3) . Addition of seminal plasma during the first 3 h incubation impaired the phosphorylation of proteins on tyrosine residues ( Figure 3A , lane 2). This effect was not permanent since removal of seminal plasma by washing, followed by incubation of the spermatozoa in conditions that support capacitation for an 20 additional 16 h, led to phosphorylation of sperm proteins on tyrosine residues ( Figure 3A, lane 4) .
Spermatozoa incubated for 8 h in capacitating conditions displayed an array of proteins containing phosphotyrosine residues ( Figure 3B, lane 1) . The level of protein tyrosine phosphorylation did not increase any further when incubation proceeded for an additional 12 h ( Figure 3B, lane 3) . Exposure to seminal plasma of spermatozoa incubated for 5 h under capacitating conditions attenuated the phosphotyrosine signal ( Figure 3B , lane 2). Tyrosine phosphorylation was not restored upon seminal plasma removal followed by capacitating incubation ( Figure 3B, lane 4) . The results were the same when exposure to seminal plasma was shortened to 2, rather than 3, hours (data not shown).
Motility parameters were affected by addition of seminal plasma
Motility parameters were measured in control and seminal plasma-treated spermatozoa. Samples were incubated, videotaped and analysed by digital image processing as described. In all cases, spermatozoa in the presence of seminal plasma displayed a semen-like motility pattern: slow movements and linear trajectories. In contrast, spermatozoa washed free of seminal plasma exhibited motion characteristics typical of capacitating spermatozoa: wide amplitude flagellar beat, marked lateral head displacement, and low forward progression. Hyperactivation was observed in the absence but not in the presence of seminal plasma.
Spermatozoa exposed to seminal plasma immediately after Percoll gradients displayed a non-capacitated movement pattern, with diminished VCL (P Ͻ 0.01), ALH (P Ͻ 0.05), and VAP (P Ͻ 0.01) and augmented LIN (P Ͻ 0.05) and WOB (P Ͻ 0.05) compared with the control spermatozoa maintained in capacitating media (Figure 4 ). VSL was not statistically different between control and treated cells (Figure 4 ). All motion parameters of seminal plasma-treated spermatozoa were indistinguishable from the controls after removal of seminal plasma and subsequent incubation in HTF media for 16 h (Figure 4) . ALH was the exception, with an unapparent, but statistically significant (P Ͻ 0.05), difference between control and treated cells. Spermatozoa incubated for 5 h in capacitating conditions and then exposed to seminal plasma exhibited diminished VCL (P Ͻ 0.005), ALH (P Ͻ 0.005), and VAP (P Ͻ 0.05), and augmented LIN (P Ͻ 0.005) and WOB (P Ͻ 0.005) compared with the controls maintained in capacitation media throughout the incubation (Figure 4) . After 21 washing of seminal plasma followed by 12 h incubation in HTF media, the motility parameters of treated and control spermatozoa were not statistically different (Figure 4 ).
Discussion
The seminal plasma in which the spermatozoa are suspended during ejaculation is a mixture of secretory fluids arising from various glands situated along the male genital tract (for reviews see Mann and Lutwak-Mann, 1981; Setchell et al., 1994) . Aside from its function as diluent and transport vehicle, seminal plasma modifies the fertilizing ability of spermatozoa in many ways. For example, it contains motility inhibitors (Robert and Gagnon, 1994; Iwamoto et al., 1995) , acrosome stabilizers (Eng and Oliphant, 1978; Cross, 1996) , and inhibitors of enzymes including ATPase (Chao et al., 1996) and phospholipase A 2 (Manjunath et al., 1994) . We report here that seminal plasma also contains inhibitors of spermatozoa protein tyrosine phosphorylation.
Sperm maturation occurs throughout transit in the testis and epididymis and continues within the female tract where, owing to a gradual process designated capacitation, full capacity to penetrate the egg's investments is ultimately acquired. Capacitated spermatozoa brought into contact with seminal plasma become decapacitated and lose their fertilizing ability. However, removal of the seminal plasma can cause them to be capacitated de novo and thereby rendered fertile again (Chang, 1957) . In vivo, human spermatozoa are washed free of other semen components after semen is deposited in the vagina at coitus. Indeed, rubbing-off sperm surface absorbed material (including seminal plasma proteins) against the cervical mucus network while spermatozoa pass through it, may facilitate capacitation at a later stage (Yanagimachi 1994) . There is ample evidence that some seminal plasma components bind firmly to the surface of ejaculated spermatozoa. These sperm surface coating materials need to be removed or altered by the female tract or by in-vitro washing, before fertilization can occur.
Capacitation results in no obvious, easily discernible, morphological alterations. However, spermatozoa of many mammalian species undergo a change in the type of flagellar motility expressed, from progressive, linear motility to less progressive, less linear, more vigorous, hyperactivated motility (Yanagimachi, 1994) . Hyperactivation has been characterized by wide amplitude flagellar beat, marked lateral head displacement, 'star-spin' trajectory, and low forward progression, and it is considered to be an integral part of capacitation (Burkman, 1984; Mortimer et al., 1984; Morales et al., 1988 ). Yet, it has been suggested that the two may not be coupled (Neill and Olds-Clarke, 1987; Suarez et al., 1987) . Some human spermatozoa show changes typical of hyperactivation shortly after separation from seminal plasma (Robertson et al., 1988; Mortimer and Mortimer, 1990; Mortimer and Swan, 1995) . In comparison with other mammalian species, the incidence of hyperactivation in washed human spermatozoa is very low (Burkman, 1984; Grunert et al., 1990) . Furthermore, episodes of hyperactivated motility may alternate with periods of normal or even non-progressive motility for a particular spermatozoa Figure 4 . The effect of seminal plasma upon human sperm motility. Sperm suspensions were incubated for 3 h with human tubal fluid (HTF) (u) or with 50% seminal plasma immediately after the Percoll gradient (j, e) or after 5 h in HTF (y, u). Samples were videotaped immediately (y, j, and their controls without seminal plasma) or after removal of seminal plasma followed by overnight incubation in HTF (e , u and their controls). SP ϭ seminal plasma. Time (h): beginning and end of the incubation at 370°C, time ϭ 0 is immediately after Percoll; open bars ϭ controls in HTF, solid and hatched bars ϭ seminal plasma-treated. t assay (h): videotaping time, time ϭ 0 is immediately after Percoll. Kinematic parameters measured were ALH ϭ amplitude of lateral head displacement; VCL ϭ curvilinear velocity; LIN ϭ average linearity of progression, i.e. VSL/VCLϫ100; WOB ϭ wobble, i.e. VAP/VCLϫ100; VAP ϭ average path velocity; VSL ϭ straight line velocity. Bars represent mean and SD of four independent experiments. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.005, compared with controls. (Burkman, 1990; Grunert et al., 1990) . Values of motility parameters believed to be markers of hyperactivation continue to increase for up to 6 h after washing spermatozoa from semen (Mack et al., 1988; Morales et al., 1988; Robertson et al., 1988) . After 24 h in capacitating medium, hyperactivation is no longer observed (Daru et al., 1988; Morales et al., 1988; Robertson et al., 1988) . In this study we report that, in contrast to the controls maintained in HTF media, washed spermatozoa exposed to seminal plasma do not achieve hyperactivation. Furthermore, seminal plasma revokes the hyperactivation achieved by spermatozoa previously incubated during 5 h in capacitating conditions (Figure 4 ). Significant differences in 22 motility parameters of control and seminal plasma-treated spermatozoa were observed (diminished VCL, ALH, and VAP and augmented LIN and WOB) when mean values of movements parameters of the whole population of actively moving spermatozoa were analysed. As reported for other invitro fertilization media, neither the control nor the seminal plasma challenged spermatozoa displayed motion characteristic of hyperactivated motility after overnight incubation in HTF (Figure 4) .
Capacitation brings about many biochemical changes in the spermatozoon. One such change is the increase in the phosphotyrosine content of several proteins (Leyton and Saling, 1989; Burks et al., 1995; Luconi et al., 1995; Visconti et al., 1995; Leclerc et al., 1996; Pukazhenthi et al., 1996; Emiliozzi and Fenichel, 1997; Galantino-Homer et al., 1997) . We show in this paper that exposure of non-capacitated spermatozoa to seminal plasma correlates with impaired tyrosine phosphorylation (Figures 1 and 3A) . Furthermore, treatment with seminal plasma of spermatozoa previously incubated for 5 h in capacitating conditions reverts the level of protein tyrosine phosphorylation to that displayed before treatment (Figures 1 and  3B ). The effect of seminal plasma on tyrosine phosphorylation appears to be at least partially reversible. Thus, when seminal plasma is added to non-capacitated spermatozoa, the tyrosine phosphorylation cascade is somewhat restored after removal of seminal plasma and further incubation under capacitating conditions ( Figure 3A) . We suspect that the partial recovery of the phosphotyrosine cascade takes place during the first hours following washing of seminal plasma. Accordingly, when seminal plasma is removed after 8 h total incubation time (5 h in HTF followed by 3 h in seminal plasma), the sperm protein tyrosine phosphorylation cascade can no longer recover ( Figure 3B ).
Taken together, our results suggest a temporal correlation between increased protein tyrosine phosphorylation and development of hyperactivated motility in human spermatozoa. This does not exclude a possible role for tyrosine phosphorylation in additional events such as agonist-triggered acrosome reaction or binding to the zona pellucida, which were not examined here. A relationship between protein tyrosine phosphorylation and sperm motility has been proposed for bull (Vijayaraghavan et al., 1997) , trout (Hayashi et al., 1987) and human (Leclerc et al., 1996) spermatozoa. In this context, it is worth pointing out that a significant portion of all tyrosine phosphorylated proteins from human spermatozoa localize to the principal piece (Carrera et al., 1996) . Interestingly, spermatozoa from mice carrying two t-haplotypes do not possess a tyrosine phosphorylated form of hexokinase and display very poor motility (Olds-Clarke et al., 1996) .
Recently, Aitken et al. (1995) showed that stimulation of reactive oxygen species (ROS) generation is associated with the enhancement of tyrosine phosphorylation in human spermatozoa. ROS have been reported to be involved in the activation of several enzymes and in the enhancement of sperm capacitation, hyperactivation and sperm-zona interaction (de Lamirande and Gagnon, 1993b; Griveau et al., 1994) . However, overproduction of reactive oxygen species can be detrimental to spermatozoa and has been associated with male infertility (Zini et al., 1993) . It has long been known that human seminal plasma contains powerful antioxidants sufficient to protect spermatozoa (Jones et al., 1979; Jeulin et al., 1989; Kobayashi et al., 1991; de Lamirande and Gagnon, 1993a) . In this scenario, seminal plasma would inhibit protein tyrosine phosphorylation and prevent the development of hyperactivated motility by scavenging the ROS generated during in-vitro capacitation.
It will be interesting to identify the seminal plasma components responsible for these effects and to investigate if they bind to the sperm surface to interact with membrane receptors or permeate through the plasma membrane to interact with 23 intracellular targets. In this regard, many seminal plasma components have been described to bind to sperm membranes (Davis and Davis, 1983; Chandonnet et al., 1990; Nass et al., 1990; Dostalova et al., 1994) , although their role in modulating the tyrosine phosphorylation cascade has not been investigated. Another attractive candidate to explore would be cholesterol, which is known to be present in seminal plasma. Addition of cholesterol sulphate to mouse spermatozoa decreases the level of tyrosine phosphorylation elicited by capacitation (Ning et al., 1995) . Moreover, cholesterol-containing lipids reduce mouse sperm motility in a dose-dependent manner (Tanphichitr et al., 1996) . Should these effects occur on human spermatozoa, one could propose that cholesterol contained in seminal plasma has a role in the inhibition of sperm protein tyrosine phosphorylation and hyperactivation observed. Whether caused by the above cited factors or others still to be discovered, it is clear that the interaction between spermatozoa and seminal plasma ultimately results in the inhibition of tyrosine kinase activity and/or activation of tyrosine phosphatase activity.
The inhibition of protein tyrosine phosphorylation described here might bear potential diagnostic value. For example, one could test the seminal plasma of an infertile patient, against that of a fertile control, for its ability to inhibit protein tyrosine phosphorylation in control spermatozoa. Failure to cause inhibition, while all other parameters reveal otherwise normal semen, might suggest impaired protective capacity of the seminal plasma sample against oxidation with consequent fragility of the sperm population. In this context, the 'inhibitory power' of a given seminal plasma sample could be used as a predictive factor for the fertility potential of a sample. Furthermore, it would imply that a simple procedure such as treatment with antioxidants might improve fertility.
In summary, we have shown a key role for seminal plasma in regulating tyrosine phosphorylation in human spermatozoa. Characterization of the molecular component(s) involved in this tyrosine kinase/phosphatase-linked signal transduction pathway may benefit our understanding of the biochemical mechanisms involved in spermatozoa capacitation and, ultimately, human fertility.
